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ABSTRACT 
Application of vacuum pressure with prefabricated vertical drains in soft clays is a popular and effective ground 
improvement method. Application of vacuum pressure via vertical drains generates a negative excess pore water 
pressure (PWP) resulting in an immediate increase in effective stress. This paper summarises the recent 
advancements in vacuum preloading based on laboratory studies, using the conventional and modified Rowe 
cells. Location and the magnitude of the average PWP and degree of consolidation during vacuum preloading 
are investigated. Based on the laboratory experiments a new radial consolidation model is proposed for vacuum 
preloading incorporating non-Darcian flow.    
1 INTRODUCTION 
Most of the eastern coast of Australia is covered with very soft and thick clay deposits. Inherent properties of 
these types of soils such as low bearing capacity, high compressibility and low permeability pose a considerable 
challenge to infrastructure development (Johnson, 1970). Therefore, it is necessary to improve the soil before 
starting any construction. Use of preloading with surcharge has been effective in improving the shear strength of 
soft clay (Richart, 1959; Indraratna and Redana, 2000), but the embankment fill has to be raised in stages to 
prevent shear failure. For a high embankment this may require several loading steps thereby increasing the 
construction time (Jamiolkowski et al., 1983). The application of vertical drains have become very popular in 
soil improvement projects to accelerate the consolidation with or without vacuum pressure (Indraratna et al., 
1994). 
Even though cardboard wick drains (Kjellman, 1948) and sand drains (Barron, 1948; Richart, 1959) were used 
from early 1940’s, it was not economically feasible until early 1980’s where plastic wick drains were produced 
in large quantities. When prefabricated vertical drains (PVDs) are installed beneath an embankment, the time for 
primary consolidation can be reduced significantly, sometimes by a factor of 20. With the advancements of 
modern ground engineering technology, even a 20m deep PVD can be installed rapidly (Holtz et al., 1991). The 
efficiency of PVD can further be enhanced by the use of isotropic vacuum preloading. Vacuum pressure 
generates a negative excess pore water pressure; therefore, the effective stress of the soil can be instantaneously 
increased. This improves the stability of the embankment and allows raising the embankment in much shorter 
time (Rujikiatkamjorn and Indraratna, 2007). When vacuum pressure is applied the outward lateral 
displacements is reduced. This is beneficial in controlling the damages to adjacent buildings.   
2 PORE WATER PRESSURE DISTRIBUTION DURING VACUUM 
PRELOADING 
2.1 MODIFIED ROWE CELL 
To study the consolidation via radial drainage, Rowe and Barden (1966) developed a consolidation cell, in 
which only one pore pressure measurement could be obtained. To accurately predict the pore pressure variation 
during vacuum pressure application, it is important to obtain the pore water pressure measurements in several 
locations along the radial flow direction. Therefore, a modified 150mm Rowe cell was designed and built in 
University of Wollongong which could accommodate three additional pore pressure transducers to capture the 
PWP distribution and associated flow relationship (Indraratna et al., 2013; Kianfar et al., 2013). Schematic 
diagram of the new cell is shown in Figure 1, where all dimensions are in mm. 
The modified cell can accommodate a 150mm diameter sample, and the surcharge pressure can be applied using 
a rubber diaphragm connected to a pressure controller. Vacuum pressure can be applied to the sample via the 






                                                         
 
Figure 1: Modified Rowe cell a) Cross section b) plan of base plate; Modified from (Kianfar et al., 2013) 
 
2.2 THE LOCATION OF THE AVERAGE PORE WATER PRESSURE 
When vertical drains are used to accelerate the consolidation process, the excess pore water pressure decreases 
radially towards the drain within the influence zone. When calculating the degree of consolidation and effective 
stress increase based on the excess pore water pressure dissipation, it is useful to know the pore water pressure 
distribution both laterally and vertically. In field applications, this can be determined using piezometers installed 
in the ground. However, in the field, it may not always be feasible to install two or three pore pressure 
transducers between two adjoining drains to obtain the exact distribution of excess pore pressure. Therefore, the 
location of the average excess pore pressure is very important to accurately predict the degree of consolidation 
with respect to the pore water pressure.  








where, 𝑢�𝑤𝑤  is the initial average excess pore water pressure which is equal to the applied stress in the saturated 
soil and 𝑇ℎ is the time factor for radial consolidation defined as 𝑇ℎ = 𝑐ℎ𝑡 𝑑𝑒2⁄  ; 𝑐ℎ is the coefficient of 









where, 𝑛 = 𝑑𝑒 𝑑𝑤⁄  in which 𝑑𝑤 is the equivalent diameter of the vertical drain. The smear effect and well-
resistance are not considered in the analysis. 




























� − 𝜇 = 0 (4) 
Solving Equation 4, the location of average pore water pressure can be obtained for a given value of n. In the 
experiments conducted using the modified Rowe cell of diameter 150mm with a central drain of diameter 
14.5mm, gives a n = 10.4. This corresponds to the location of average pore pressure of 0.565R from the centre. 
To investigate the location of average pore water pressure when vacuum pressure is used, a reconstituted kaolin 
sample was used in the modified Rowe cell. During specimen preparation, trapping of air within the specimens 
can occur. Therefore, it is imperative to ensure that the sample remains saturated uniformly. The sample was 
prepared with a moisture content of approximately 1.5 times that of the liquid limit. It was thoroughly mixed 
with deaired water and then kept in the humidity room for 24 hours, before being poured into the consolidation 
cell ensuring no trapped air.  The sample was then pre-consolidated at a constant stress of 30kPa inside the 
Rowe cell. Following pre-consolidation a 14.5mm diameter hole was cored in the centre of the sample with 
minimum smear effects, and then clean saturated sand was poured in to the hole and lightly compacted to form 
the central vertical drain. The central hole was stable and no lateral movement (caving) was observed. 
Subsequently, the cell was tightened using the screws, and consolidation test was commenced.  
In order to study the effect of vacuum pressure, three different tests were performed with varying VSR (Vacuum 
surcharge ratio). VSR is defined as the ratio between vacuum pressure and the total pressure applied, which is 
equal to the total of surcharge pressure and vacuum pressure. VSR ratios of 0.2, 0.8 and 1 were used and the 
results are present in Figure 2. From this results it is evident that with increasing VSR ratio the location of the 
average pore water pressure moves towards the drain. For the values of VSR 0.2, 0.8 and 1 the corresponding 
values of r/R are 0.542, 0.510 and 0.502, respectively. Although those values are similar to the theoretical value 
of 0.565 obtained previously, when much larger drain spacing is used in the field, the same value may not be 
applicable considering the size and boundary effects. Moreover, the effect of VSR on the location of average 
excess pore water pressure can be more distinguishable when larger drain spacing is used in the field.  
2.3 DEGREE OF CONSOLIDATION IN VACUUM PRELOADING 
The degree of consolidation (DOC) is conventionally used as the most important parameter to assess soil 
consolidation efficiency. The DOC can be estimated either using vertical settlement or the dissipation of excess 
pore water pressure. However, Chu et al. (2000) stated that the difference between the DOC obtained using both 
methods can be significant in some projects.  











𝜎0′ + ∆𝑒 + 𝑃0
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� (5a) 
where, 𝐻 = thickness of the soil layer; 𝐶𝑐 = compression index of clay; 𝑒0 = initial void ratio; 𝜎0′ = initial 
effective stress of soil; ∆𝑒 = surcharge load applied; 𝑃0 = magnitude of the vacuum pressure applied 
The DOC based on the average excess pore water pressure is given by; 
𝑈𝑝 =
𝑢�𝑤𝑤 − 𝑢�𝑤 
𝑢�𝑤𝑤 + 𝑃0
 (6) 





Figure 2: Lateral distribution of excess pore water pressure, (a) VSR=0.2, (b) VSR=0.8, (c) VSR=1.0; 
(Indraratna et al., 2013) 
Indraratna et al. (2013) made an attempt to experimentally calculate the DOC using both settlement and pore 
water pressure dissipation data. Tests were conducted using standard 75mm Rowe cell and commercial kaolin 
described earlier. In the standard Rowe cell there is only one connected pore pressure transducer. The location 
of the transducer was chosen to coincide with the average pore water pressure location at ravg/R =0.52. The total 
stress was kept constant at 100kPa. In the first test, a surcharge load of 100kPa was used as a VSR value of 0. 
Then the value of VSR was gradually increased as 0.3, 0.5 and 0.7 using vacuum pressure of 30kPa, 50kPa, and 
70kPa, respectively. The remaining balance of the load was applied by surcharge load.  
The DOC curves obtained using the settlement and excess pore water data are shown in Figure 3. Despite using 
the same total stress, it is evident from Figure 3 that increasing VSR creates a higher DOC for the same period 
of time. It also shows that the DOC calculated using settlement is higher than that calculated using the pore 
pressure data. This can be attributed to the additional excess pore water pressure developed as a result of large 
visco-plastic strains during the consolidation process as pointed out by Indraratna et al., 1994 and Yin et al., 
1994 through independent studies. Subsequent calculation of the coefficient of consolidation revealed that the 
ratio between the coefficient of consolidation determined independently as the basis of settlement and pore 
pressure is about 1.4 (Indraratna et al., 2013).  
5 
3   RADIAL CONSOLIDATION MODEL INCORPORATING NON-DARCIAN 
FLOW 
The classical Terzaghi (1943) consolidation theory assumes small strains, Darcian flow conditions, and constant 
coefficients of permeability and compressibility. Barron’s (1948) radial consolidation theory which is also based 
on similar assumptions as the Terzaghi consolidation theory was later modified by Hansbo (1960) to incorporate 
a non-Darcian flow relationship. Indraratna et al. (2005) developed an analytical solution to include varying 
permeability and compressibility during radial consolidation, and subsequently Sathananthan and Indraratna 
(2006) proposed an extended plane-strain consolidation model, which could be applicable for both Darcian and 
non- Darcian flows.  
The model based on the non-Darcian flow gives more accurate predictions for lateral distribution of pore water 
pressure compared to the models incorporating the traditional Darcian relationships. According to Hansbo (1979 
& 1997), Darcy’s law for permeability is not suitable for the consolidation of fine grained soils under relatively 
low hydraulic gradients. Therefore, incorporating the correct flow relationships in the governing analytical 
equations is very important for accurate prediction of settlement and pore water pressure.   
   
  
Figure 3: Variation of DOC based on (a) settlement data; (b) excess pore water pressure data; with time; 
(adapted from Indraratna et al., 2013)  
Vacuum consolidation performed on the modified Rowe cell using reconstituted kaolin was adopted to study the 
non-Darcian flow relationships associated with radial consolidation. Dimensions of the cell, sample and drain 
were similar to the previous studies however three different values of VSR were used. The total stress applied 
for the samples was 100kPa, while the vacuum pressure was varied as 40kPa, 50kPa and 60kPa to give these 
different VSR of 0.4, 0.5 and 0.6, respectively. Pore pressure values at the locations B and C (Figure 1) were 








where, 𝑖𝐵−𝐶is the hydraulic gradient between points B and C, and u denotes the respective pore water pressure 
and r is the respective radial distance from the centre of the drain. In the Rowe cell tests, equal strain condition 
can be assumed for the use of a rigid plate on top of the sample. Hence the average velocity between the 




(𝑅2 − 𝑟𝐵𝐶2 )
2𝑟𝐵𝐶
 (8) 
All the test data is plotted in i – v space and presented in Figure 4;          
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Figure 4: Flow velocity-hydraulic gradient relationship (Kianfar et al., 2013)  
 
The relationship between the flow velocity and the hydraulic gradient can now be represented by: 
𝑣 = 𝛼𝑐𝑖𝛽 (9) 
From Figure 4, the values of 𝛼𝑐 can be taken as 3.2x10-10 m/s and the 𝛽 value as being equal to 1.3 
The non-Darcian flow relationship given in Equation 9 could be incorporated in radial consolidation equation 
and the average excess pore water pressure could then be expressed by (Kianfar et al., 2013): 
 
where, mv = coefficient of soil volume compressibility; n = ratio of unit cell radius to radius of drain (R/rw); P0 = 
magnitude of vacuum pressure at drain/soil interface; r = radial distance measure from centre of drain; rw = drain 
radius; 𝑢�  = average excess pore water pressure in unit cell at a given time; 𝑢�0= initial average excess pore water 
pressure in unit cell; 𝛼𝑐 = constants in proposed flow relationship; 𝜂= coefficients in proposed consolidation 
model 
 
4   APPLICATION TO A SELECTED CASE STUDY 
In order to investigate the applicability of the proposed concepts, field settlement and the pore water pressure 
variations were predicted and compared with the available results. Field data from a land reclamation project at 
the Port of Brisbane was used for the analysis. The field area was divided into two main areas where, vacuum 
preloading with PVD and surcharge load was in one area (VC), and for an adjoining area only the surcharge 
load was applied with PVD (WD). Ground conditions, soil properties and drain types used were reported earlier 
by Indraratna et al. (2011) in greater detail. Summery is presented in Table 1. Flow relationship for the field 
conditions was established using the data obtained in WD area, and then the same flow relationship was adopted 
for the prediction in VC area using the proposed Equations 9-10. Existing Hansbo (1981) and traditional 
Darcian-based model were also simulated for comparison. Coefficient of radial consolidation (ch) required for 
the other models was back-calculated using the best fit curves from the field settlement curves.  
Smear effect is an inevitable and important factor affecting the consolidation process in relation to mandrel-
driven vertical drains. According to the Indraratna and Redana (2000), for most modern day PVD, when the 
discharge capacity exceeds 150m3/year, the well-resistance can be neglected. The ratios of kh/ks and ds/dw were 
assumed to be 2 and 3, respectively. Figure 5 shows the embankment construction history, settlement curve and 
the excess pore water pressure recorded for the surcharge only section -WD2 and WD4. Circular drains with 
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7 
34mm diameter were used in WD2, and 100mm wide 4mm thick band drains were used in the WD4 area. 
Drains were 28m in length and installed in a square pattern with spacing of 1.3m. The average hydraulic 
gradient and flow velocity were calculated based on the excess pore water pressure difference at the drain-soil 
interface and mid-way between the drains. The flow velocity was calculated between the drain interface and 
boundary of the influence area using Equations 7 & 8. The relationship shown in Figure 4 was developed and 
using that plotted data, 𝛼𝑐 and 𝛽 of   1.1 x 10-10 m/s and 1.35 were back-calculated, respectively. Figure 6 shows 
the measured and predicted values for the subdivision VC. It is evident from Figure 6 that the proposed model 




Soil type 𝛾𝑡 �𝑘𝑘 𝑚3� � 
𝐶𝑐 







𝑘ℎ 𝑘𝑠⁄  𝑠
= 𝑑𝑠 𝑑𝑤⁄  
1 Dredge Mud 14 0.235 1 1 1 1 
2 Upper Holocene Sand 19 0.01 5 5 1 1 
3 Upper Holocene clay 16 0.18 1 2 2 3 
4 Lower Holocene clay 16 0.2 0.8 1.9 2 3 
 
Table 1: Soil properties for each layer (Indraratna et al., 2011)  
 
 
5   CONCLUSION  
Importance of conducting Rowe cell testing to understand the behaviour of vacuum preloading (VP) with PVD 
and how VP can be incorporated in analytical solutions have been discussed in this paper, based on the recent 
work conducted at the University of Wollongong. Laboratory experiments using vacuum preloading with PVD 
were conducted using a modified large Rowe cell of 150mm in diameter, and a conventional 75mm diameter 
Rowe cell. It was clear that the application of vacuum pressure alters the location of the average pore water 
pressure. This is very significant when the DOC is assessed using excess pore water pressure dissipation. DOC 
calculated independently using settlement and pore water pressure data in VP tests proved that the settlement-
based coefficient of consolidation calculated is 40% higher than that determined using excess pore water 
pressure dissipation. 
A non-Darcian flow relationship resulting due to the VP application was studied using the modified Rowe cell. 
Defining the true non-linear flow characteristics is very important to predict the correct settlement and excess 
pore pressure dissipation. Based on the experimental results, a more realistic non-linear flow relationship could 
be proposed. Field data from a reclamation site at Port of Brisbane was compared with the proposed model 
predictions, along with the predictions based on existing conventional models. The non-Darcian flow model 
gives better accuracy when VP is applied.  
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Figure 5: (a) Embankment construction timeline; (b) 
Settlement and (c) excess pore water pressure 
recorded in WD sections. 
Figure 6: (a) Embankment loading; Predicted and 
measured, (b) Settlement and (c) excess pore water 
pressure in VC sections. 
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